Staphylococcus epidermidis is considered an important nosocomial pathogen, being very tolerant to the host immune system and antibiotherapy, particularly when in biofilms. Due to its high resistance, alternative antimicrobial strategies are under development. The use of bacteriophages is seen as an important strategy to combat pathogenic organisms. In this study, a S. epidermidis myovirus, SEP1, was isolated and characterized. The genome of this phage was sequenced and shown to be related peripherally to the genus Twortlikevirus. However, when compared with other phages of this genus, it showed DNA sequence identities no greater than 58.2 %. As opposed to other polyvalent viruses of the genus Twortlikevirus, SEP1 is highly specific to S. epidermidis strains. The good infectivity shown by this phage as well as its high lytic spectrum suggested that it might be a good candidate for therapeutic studies.
INTRODUCTION
Staphylococcus is a genus of Gram-positive bacteria that normally colonizes human and animal skin and mucous membranes (Otto, 2010) . Staphylococcus aureus is the most well-known pathogen of this genus, being the causative agent of several infections, including nosocomial and community-acquired infections (Feng et al., 2008) . Whilst initially considered a commensal organism, Staphylococcus epidermidis is seen currently as a major cause of hospitalacquired infections, particularly on indwelling medical devices and implants (Vuong & Otto, 2002) . S. epidermidis can be transmitted easily to different surfaces where it causes problematic infections due to its ability to form thick biofilms (NNIS System, 2004) . In humans, S. epidermidis infections do not have a high mortality rate; however, they are very frequent and extremely difficult to treat, becoming a burden for healthcare systems (Otto, 2009) .
Despite the recent discovery of the first S. epidermidis pathogenicity island that encodes two staphylococcal enterotoxins, S. epidermidis strains encode fewer extracellular toxins than S. aureus and therefore biofilm formation has been considered the S. epidermidis major virulence factor (Jabbouri & Sadovskaya, 2010; Madhusoodanan et al., 2011) . Biofilms formed by this bacterium are more tolerant to antibiotics and to immune system components, as compared with their planktonic counterparts (Cerca et al., 2006 (Cerca et al., , 2005 . Therefore, the discovery and improvement of novel agents to prevent and treat S. epidermidis biofilm infections need to be pursued.
An interesting approach that has emerged in recent years is phage therapy. Phage therapy can be used to prevent or treat infectious bacterial diseases as a complement or alternative to antibiotic therapy (Sulakvelidze et al., 2001) . The use of strictly virulent phages is harmless to humans and animals (Kutateladze & Adamia, 2010) , and successful results have been obtained when treating biofilm infections (Cerca et al., 2007; Sillankorva et al., 2010; Son et al., 2010) .
At the moment, little is known about S. epidermidisspecific phages; only four phages have been isolated and characterized partially, but none has a strictly virulent behaviour (Daniel et al., 2007; Gutiérrez et al., 2010 Gutiérrez et al., , 2012 . However, within staphylococcal species, several S. aureus IP: 54.70.40.11 On: Sat, 29 Dec 2018 09:39:05 phages have been sequenced fully and their genome characterized (Ackermann & Kropinski, 2007; Bae et al., 2006; Hoshiba et al., 2010; Iandolo et al., 2002; Kaneko et al., 1998; Kwan et al., 2005; O'Flaherty et al., 2004) , the majority of which are temperate viruses that belong to the family Siphoviridae and are therefore unsuitable for therapy (Gill & Hyman, 2010) . The use of temperate phages in phage therapy is discouraged because these phages can encode bacterial virulence factors or display superinfection immunity, converting sensitive bacteria to insensitive bacteria (Loc-Carrillo & Abedon, 2011) . In contrast to staphylococcal Siphoviridae phages, Myoviridae phages of the genus Twortlikevirus are strictly lytic and are considered potential agents for controlling S. aureus, including antibiotic-resistant strains and biofilm cells (Kelly et al., 2012; Klumpp et al., 2010) . Furthermore, some members of the genus Twortlikevirus have been shown to be polyvalent, being able to infect other staphylococci, S. epidermidis included (Łobocka et al., 2012; O'Flaherty et al., 2005; Pantů ček et al., 1998) .
In the present work, the first Twortlikevirus targeting specifically S. epidermidis, phage SEP1, has been characterized fully with regard to its morphological, physiological, proteomic and genomic analysis.
RESULTS AND DISCUSSION

Isolation of SEP1
The lack of phages described that infect S. epidermidis has encouraged the isolation and characterization of new lytic phages that can potentially be used for therapeutical purposes. As S. epidermidis infections are important nosocomial infections, S. epidermidis-specific phages would be expected to be found in hospital sewage; however, no phages were isolated from hospital environments. A similar difficulty in isolating S. aureus phages from hospital environments has already been reported (Aswani & Shukla, 2011) and this is probably related to the high content of disinfectants that impair phage viability. Therefore, wastewater treatment plant sewage was tested. After a number of attempts, five different phages were isolated. Phage SEP1 had the broadest spectrum of activity and was thus selected for further characterization. The name SEP1 was chosen using the initials of the host species. This phage was difficult to propagate and, after several attempts, its production was optimized with 0.4 % agar.
Although it was visible with 0.6 % agar, all studies were performed with 0.4 % agar and upon plating it produced clear plaques 0.5±0.1 mm in diameter (n55).
Phage morphology
Phage SEP1 is a member of the family Myoviridae (Fig. 1 ). It possesses an isometric head of 90 nm diameter with capsomers and a contractile tail 207 nm long by 20 nm wide. Neck, conspicuous transverse tail striations, a baseplate and terminal bulbous spikes~12 nm in length were also observable. These features are characteristic of the genus Twortlikevirus (Klumpp et al., 2010; Łobocka et al., 2012) .
Lytic spectra and efficiency of plating (EOP)
A collection of 41 S. epidermidis isolates, 12 S. aureus, 10 other staphylococci and four strains of other Firmicutes were used to determine the host range of SEP1 and corresponding EOP (Table 1) . SEP1 possesses a broad lytic spectrum, being able to infect all S. epidermidis strains tested. Furthermore, the phage had a high EOP in 15 out of 41 S. epidermidis strains. SEP1 has the ability to infect strains of different origin and isolated from different infection sites (Cerca et al., 2013) . With the exception of the effect on two Staphylococcus carnosus strains (lysis from without), SEP1 had no ability to infect any of the other species tested, including S. aureus strains. As with other members of the genus Twortlikevirus (Łobocka et al., 2004; O'Flaherty et al., 2005; Vandersteegen et al., 2011 Vandersteegen et al., , 2013 , although SEP1 has a broad lytic spectrum, it does not present the typical polyvalent behaviour (Gupta & Prasad, 2011; O'Flaherty et al., 2005; Pantů ček et al., 1998) , and The origin of the isolate, geographical source and biofilm-forming capacity have been reported previously (Cerca et al., 2013) . thus did not have any effect on the 12 S. aureus strains analysed. In comparison with other S. epidermidis phages (Gutiérrez et al., 2010), SEP1 had a broader lytic spectrum.
Species
One-step growth curve
To further characterize SEP1, one-step growth curve analysis was performed. SEP1 has a very short latent period of 5 min and yields a burst size of~4.3 p.f.u. per infected cell after 25 min at 37 u C ( Fig. S1 , available in JGV Online). The burst size is similar to other reported S. epidermidis phages, i.e.~5-30 p.f.u. per infected cell (Gutiérrez et al., 2010) . However, this phage was shown to have a shorter latent period and a lower burst size than S. aureus Twort-like phages, such as phage K that has a burst of 60 p.f.u. per infected cell (Rees & Fry, 1981) . This lower burst size of S. epidermidis phage SEP1, compared with S. aureus phages, may be related to a slower doubling time of the host strain (Gustafsson et al., 2003; Lindqvist, 2006) . Furthermore, the short latent period of SEP1 is most likely due to the high-processivity DNA polymerase of this phage, homologous to DNA polymerases of other members of the genus Twortlikevirus (Lavigne et al., 2009 ).
Genomic properties
SEP1 has a linear dsDNA genome consisting of 139 928 bp, with a GC content of 27.9 %, which is significantly less that the GC content of the host genome (32.2 %), based upon the full sequencing of five strains of S. epidermidis. The GC content of SEP1 is also slightly lower than of other Twortlike viruses that range from 30.3 to 30.6 % (Łobocka et al., 2012) . Similar to other phages of this group, the distribution of GC is uniform, which is indicative of a common ancestor that is influenced by vertical evolution instead of horizontal gene transfer (Lavigne et al., 2009; Rohwer & Edwards, 2002) .
All SEP1 genes are packed tightly and occupy~90 % of the genome. SEP1 encodes 200 putative ORFs, of which only 21 % of the predicted proteins have an assigned function; 49 of the ORFs are unique as no hits were found (Fig. 2 , Table S1 ). Using MEME, 50 promoters were predicted with the consensus sequence TTGACA(N 14 )TGNTATAAT, as well as 22 rho-independent terminators.
This phage possesses all the features to be included among the genus Twortlikevirus (Klumpp et al., 2010; Lavigne et al., 2009; Łobocka et al., 2012) , which have characteristically large genomes (127-140 kb), a broad lytic spectrum and are strictly virulent phages that infect Gram-positive bacteria with low GC content. Furthermore, Twort-like phages do not possess RNA polymerase, consequently needing the host RNA polymerase for the transcription of all their genes. Moreover, they also possess introns in vital genes. A noticeable difference between SEP1 and other members of the genus Twortlikevirus is the absence of tRNAs on SEP1, as tRNAs are present in all other phages of this group (Łobocka et al., 2012) . The modularity of the genome is evident, having a similar organization of genes in some conserved clusters within other Twort-like viruses and a complex transcriptional organization.
The 12 genes for replication and transcription module are present in the same order on the SEP1 genome as they are in the other Twort-like phages; however, there is an insertion in SEP1 of two ORFs between DNA helicase and DNA repair exonuclease, and the presence of a transposase immediately after primase (Łobocka et al., 2012) . The lysis module, commonly comprising lysins and holins, is a part of the late genes, which is included in a module that is transcribed on the complementary strand of the DNA, as in other phages of this subfamily (Vandersteegen et al., 2013) . In SEP1, the holin gene is transcribed before the endolysin gene, which has a terminator afterwards. The sequence similarities between the holin and endolysin proteins with those of other Twort-like viruses are not high; however, they have higher homology with Twort phages than other S. aureus phages (Kwan et al., 2005) . Furthermore, a second potential holin was found in the SEP1 genome -a phenomenon already described for the genus Twortlikevirus and enterobacteria phage P1 (Łobocka et al., 2004) .
The coding introns found within essential genes, such as those found within DNA polymerase and endolysin, are homologous to introns found in the majority of Twortlike viruses, while the intron located within the large subunit of the terminase has homology with the intron found in the same gene on the MSA6 genome (Łobocka et al., 2012; Vandersteegen et al., 2013) . Additionally, the two transposases were found to have homology with the orfB gene that belongs to the IS605 family transposases. These transposases typically contain two genes that encode OrfA and OrfB that serve together as a functional transposase (Barabas et al., 2008) . However, no orfA or insertion sequences were detected near these genes in the SEP1 genome.
Comparative genomics
The phylogeny of the large subunit terminase (TerL) has been used to predict the packaging strategy used by this novel SEP1 phage (Casjens & Gilcrease, 2009 ). Homologues to SEP1 TerL were found using BLASTP for proteins present in phages of Bacillus, Enterococcus, Listeria and Staphylococcus species. A phylogenetic tree constructed using the 'one-click' mode at phylogeny.fr showed that SEP1 TerL is most closely related to TerL proteins of other Staphylococcus phages (Fig.  S2) . Although most of the termini of the genomes of these phages have not been characterized, Listeria phage A511 has a terminally redundant, non-permuted genome (Klumpp et al., 2008) , as do other members of the SPO1-related phages (Klumpp et al., 2010) . After checking the SEP1 primary sequence data, no evidence of terminal redundancy was detected.
As Twort-like viruses are considered good candidates for phage therapy (Klumpp et al., 2010) , the S. epidermidisspecific phage SEP1 genome was compared with the genomes of 16 non-S. epidermidis Twort-like staphylococci phages (Table 2 ). SEP1 has 55.2-58.2 % similarity with the genomes compared. As part of the CGView analysis of the genome, BLASTN comparisons were made between SEP1, and SA11, K and Twort (Fig. 2) . Overall, low sequence similarity was observed between the compared genomes, with the highest similarity found between the genes involved in packaging, morphogenesis, nucleotide metabolism and DNA replication (Fig. 2) . A discontiguous MEGABLAST search revealed that SEP1 is most closely related to S. aureus phages GH15 (Gu et al., 2012) and JD007 (Cui et al., 2012) , but again the sequence similarity is restricted largely to the first half of the genome.
The current International Committee on Taxonomy of Viruses-approved membership (http://ictvonline.org/ virusTaxonomy.asp?version=2012) of this genus includes Listeria phages A511 and P100, and Staphylococcus phages G1, K and Twort. Phylogenetic analysis using DNA helicase, portal, major capsid and tail sheath proteins (Fig. S3 ) showed clearly a relationship between these SEP1 proteins and those of other staphylococcal myoviruses. Comparative proteomics using CoreGenes 2 Mahadevan et al., 2009 ) revealed that SEP1 and Twort share 119 homologues (~60 % homologous); based upon the cutoff of 40 % for membership in the same genus (Lavigne et al., 2008 (Lavigne et al., , 2009 ), these results clearly indicate a taxonomic relationship. However, the homologues are not distributed evenly across the genome, but are over-represented in the first half of the genome. The protein results paired with BLASTN and EMBOSS Stretcher strongly suggest that SEP1, like Romulus and Remus (Vandersteegen et al., 2013) , should be considered in a new clade within the genus Twortlikevirus, separated from the Twort, K and Remus clades.
SDS-PAGE/protein profile
Eleven different proteins were found throughout the SDS-PAGE analysis (Fig. 3) . Based on the gel analysis and comparisons with other Twort-like virus gels available in the literature, five of the more abundant proteins were identified and are numbered as in Fig. 1 (Eyer et al., 2007; Vandersteegen et al., 2011) . The identified bands are located in a major structural region on the SEP1 genome. The major capsid protein (gp010) is the more conspicuous protein on the gel (band 3). Accordingly to Vandersteegen et al. (2011) , band 1 may be orf028 that corresponds to the tail measure protein. According to molecular mass, bands 2, 4 and 5 contain gp017, gp040 and gp025, respectively. gp017 corresponds to the tail sheath protein, whilst gp040 and gp025 are unknown structural proteins. These proteins were observed and identified by Eyer et al. (2007) , and it can be assumed that the structural proteome of SEP1 has similarities with other staphylococcal Twortlike viruses.
Infection of planktonic cells and determination of SEP1 effect on bacteriophage-insensitive mutants (BIMs)
Sixteen S. epidermidis clinical strains at the late exponential phase were selected for phage infection with a low m.o.i. (0.05) (Table 3) . Phages replicated well on the selected strains, resulted in insignificant reductions for six of the 16 strains used. Reductions started to be observed after 4 h; after 24 h of infection, SEP1 was able to reduce the optical density of 10 other strains to between 14 and 83 %. This latter strain (TAW113) showed an initial good lysis, but already after 4 h the number of phageinsensitive mutants started to increase, reaching 90 % after 24 h. Furthermore, many of the tested strains showed a significant reduction between the 8 and 24 h time points.
The rate of generation of BIMs after phage challenge was investigated ( 2 . Circular view of the SEP1 genome and BLASTN comparison with Twort-like virus phages representing three different evolutionary clades among this group. The outer ring represents SEP1 ORFs. The other three outer rings represent BLASTN homologies with phages K, Twort and SA11, respectively. The GC content appears in the black ring, and the inner rings are the GC skew+ (green) and the GC skew-(pink). Some important SEP1 genes are indicated. rates for the strains in which no significant reductions occurred varied significantly from all sensitive up to 95 % resistant. This fact may be strain related, but should be further investigated. It has been stated that the generation of BIMs could be related to point mutations in genes encoding receptor molecules on the bacterial surface (Daly et al., 1996) . Consequently, the strains with higher resistance rates could have higher mutation rates. Further comparisons between BIMs and parental strains should be performed to understand the modification between them.
CONCLUSION
The novel S. epidermidis-specific phage isolated and characterized in this study, phage SEP1, has a small latent period and, to the best of our knowledge, is the first ever strictly virulent phage described for S. epidermidis. The efficacies presented by this phage indicate that it may be a good candidate for therapeutic applications. Further studies should be performed in order to confirm its in vivo efficacy.
METHODS
Bacterial strains and culture conditions. A total of 41 S. epidermidis clinical isolates and collection strains were used in this study. Additionally, other staphylococci and Firmicutes were used to assess the phage lytic spectrum. The complete list of strains used in this study is given in Table 1 . Bacteria were grown at 37 uC in tryptic soy broth (TSB; Oxoid) on tryptic soy agar (TSA; Oxoid) or on TSA soft agar overlays (0.4 % agar).
Phage isolation. Sewage from the Hospital de Sao Marcos (Braga, Portugal) and wastewater treatment plant raw sewage from ETAR de Frossos (Braga, Portugal) were collected to evaluate the presence of phages using an established enrichment procedure (Van Twest & Kropinski, 2009 ). Briefly, 20 ml centrifuged effluent was mixed with 20 ml double-strength TSB and 50 ml each exponentially grown S. epidermidis strain. This solution was incubated at 37 uC, 120 r.p.m. for 24 h. After the incubation, the solution was centrifuged (10 min, 10 000 g, 4 uC) and the supernatant filtered through a 0.22 mm cellulose acetate membrane (GE Healthcare). Spot assays were performed against bacterial lawns to check for the presence of phages. Inhibition haloes were further purified with toothpicks and paper to isolate all different phages (Pires et al., 2011) . Plaque picking was repeated until single-plaque morphology was observed. The diameters of five plaques of the isolated phage were measured and characterized.
Phage propagation. Phage particles were produced using the double-agar-layer method, with some modifications (Sillankorva et al., 2008) . Briefly, 20 ml phage solution was spread on a S. epidermidis 9142 lawn using a paper strip. Petri dishes were incubated for 14-16 h at 37 uC. After full lysis, 4 ml SM Buffer [100 mM NaCl, 8 mM MgSO 4 , 50 mM Tris/HCl (pH 7.5), 0.002 % (w/v) gelatin] was added to each plate. The plates were agitated at 120 r.p.m. on a PSU-10i Orbital Shaker (BIOSAN) at 4 uC for 24 h. Subsequently, the liquid and top-agar were collected, centrifuged (10 min, 10 000 g, 4 uC) and the supernatant filtered as described above. Chloroform (10 ml) was added to 50 ml filtered solution and samples were stored at 4 uC for further use.
Host range and EOP. Phage host range and EOP were determined using the double-agar-layer plating method as described previously (Kvachadze et al., 2011) . Bacterial lawns were formed by adding 100 ml exponential-phase cell culture of each strain to be tested. Bacteriophage titre was adjusted to 10 9 p.f.u. ml 21 on their bacterial hosts and 10-fold dilution series were spotted on each bacterial lawn. After 24 h incubation at 37 uC, results were observed and a score was attributed.
The relative EOP was calculated as the titre of the phage (p.f.u. ml 21 ) for each isolate divided by the titre for the relevant propagating host.
Electron microscopy. Phage particles were collected by centrifugation (1 h, 25 000 g, 4 uC) in a Beckman J2-21 centrifuge with a JA-18.1 fixed rotor. The sediment was washed twice in tap water prior to centrifugation as above. Phages were deposited on copper grids with a carbon-coated Formvar film grid, stained with 2 % uranyl acetate (pH 4.0) and examined using a Philips EM 300 electron microscope (Ackermann, 2009 ).
One-step growth curve. One-step growth curve studies were performed as described previously, with some modifications (Sillankorva et al., 2008) . Briefly, 10 ml mid-exponential-phase culture, OD 600 0.5, was harvested by centrifugation (5 min, 7000 g, 4 uC) and resuspended in 5 ml fresh TSB medium in order to obtain an OD 600 of 1.0. To this suspension, 5 ml phage solution was added in order to produce an m.o.i. of 0.005 and phages were allowed to adsorb for 5 min at 37 uC, 120 r.p.m. The mixture was then centrifuged as described above and the pellet was resuspended in 10 ml fresh TSB medium. Samples were taken every 5 min over a period of 30 min and then every 10 min until 1 h of infection. In silico analysis. The SEP1 genome was annotated using MyRAST (Aziz et al., 2008) and further verified in Kodon (Applied Maths). Shine-Dalgarno sequences of predicted ORFs and potential alternative start codons were checked manually. Overlapping 20 kb regions of the SEP1 genome were queried against non-redundant protein databases using BLASTX (Altschul et al., 1997) to examine for potential frameshifts. Putative protein functions were assigned using BLASTP (Altschul et al., 1990) , PSI-BLAST (Altschul et al., 1997) (Käll & Sonnhammer, 2002) . tRNAs were predicted using ARAGORN (Laslett & Canback, 2004) and tRNAscan-s.e.m. (Schattner et al., 2005) . Putative promoter regions were identified by searches of 100 bp upstream of each identified ORF using MEME (Bailey et al., 2009) , followed by manual verification. ARNold (Naville et al., 2011) was used to detect potential rho-independent terminators and the free-energy of their secondary structures was calculated using Mfold (Zuker, 2003) . DNA homology between Staphylococcus phages was analysed using progressiveMauve (Darling et al., 2010) and EMBOSS Stretcher (Myers & Miller, 1988; Rice et al., 2000) against other members of the genus Twortlikevirus: Twort (GenBank accession no. NC_007021), K (GenBank accession no. NC_ 005880), G1 (GenBank accession no. NC_007066), GH15 (GenBank accession no. JQ686190), SA11 (GenBank accession no. NC_019511), SA5 (GenBank accession no. JX875065), ISP (GenBank accession no. FR852584), 676Z (GenBank accession no. JX080302), A3R (GenBank accession no. JX080301), A5W (GenBank accession no. EU418428), Fi200W (GenBank accession no. JX080303), MSA6 (GenBank accession no. JX080304), P4W (GenBank accession no. JX080305), Sb-1 (GenBank accession no. HQ163896), Staph1N (GenBank accession no. JX080300) and vB_SauM_Romulus (GenBank accession no. JX846613) ( Table 2) . Physical maps were generated using CGView (Stothard & Wishart, 2005) . Protein comparisons were performed using CoreGenes 2 ).
SDS-PAGE.
Purified phage particles were precipitated with four volumes of ice-cold acetone and centrifuged (20 min, 1600 g, 4 uC).
The pellet was air-dried and resuspended in ultrapure water. SDS-PAGE was performed according to Laemmli (1970) . Briefly, 10 ml 46 Laemmli buffer was added to 30 ml sample and boiled for 10 min. Then 20 ml sample was loaded to a 4-20 % precast gel (Advantage) and electrophoresed with Tris-glycine buffer. After electrophoresis the gel was stained with silver nitrate.
Infection of planktonic cells and determination of BIM rate.
Sixteen different strains with a high or moderate EOP were selected for SEP1 challenge assays. The 16 strains were grown in TSB medium at 37 uC (120 r.p.m.). The OD 620 was adjusted to~0.8, which corresponds to~8610 8 c.f.u. ml 21 . An m.o.i. of 0.05 was used to infect the cells. The infection assays were performed in 96-well microtitre plates and the control experiments were performed using SM buffer. The plates were incubated in an orbital incubator (120 r.p.m.) at 37 uC and the OD 620 was measured at time of infection, and at 2, 4, 6, 8 and 24 after phage infection. Three independent experiments were performed in triplicate. The assays were compared using two-way ANOVA and Bonferroni post-test, using Prism 5 (GraphPad). Differences between conditions were considered statistically significant when P,0.001.
The BIM rates were assessed after the aforementioned infection of the 16 different strains. Surviving colonies (20) of each strain were selected, restreaked three times to make sure they were not phage contaminated and then the sensitivity to SEP1 was tested. Using the drop test, SEP1 was placed on each bacterial lawn and, after overnight incubation, the BIM frequency was calculated (number of insensitive out of the 20 selected colonies; 0 % means sensitive isolates and 100 % means resistant isolates).
